The human endometrium is a fertility-determining tissue and a target of steroid hormones' action. Endocrine disruptors (EDs) can exert adverse effects on the physiological function of the decidua at the maternal-fetal interface. We examined the potential effects of an ED, bisphenol A (BPA), on endometrial maturation/decidualization, receptivity, and secretion of decidual factors (biomarkers). In vitro decidualized, endometrial stromal cells from six hysterectomy specimens were treated with 1 pM-1 mM of BPA, for 24 h and assessed for cell viability and proliferation. Three non-toxic concentrations of BPA (1 mM, 1 nM, and 1 pM) were selected to study its influence on secretion of cell decidualization biomarkers (IGF-binding protein and decidual prolactin (dPRL)), macrophage migration inhibitory factor (MIF) secretion, and hormone receptors' expression (estrogen receptors (ERa and ERb); progesterone receptors (PRA and PRB); and human chorionic gonadotropin (hCG)/LH receptor (LH-R)). The results showed a decrease in cell viability (P!0.001) in response to BPA at the level of 1 mM. At the non-toxic concentrations used, BPA perturbed the expression of ERa, ERb, PRA, PRB, and hCG/LH-R (P!0.05). Furthermore, 1 mM of BPA reduced the mRNA transcription of dPRL (P!0.05). Secretion of MIF was stimulated by all BPA treatments, the lowest concentration (1 pM) being the most effective (P!0.001). The multi-targeted disruption of BPA on decidual cells, at concentrations commonly detected in the human population, raises great concern about the possible consequences of exposure to BPA on the function of decidua and thus its potential deleterious effect on pregnancy.
Introduction
Bisphenol A effects and presence in the human body Bisphenol A (BPA) is one of the most common endocrine disruptors to which we are exposed throughout our life, from prenatal to adult age. BPA can be found in almost all products of modern civilization and it is widespread as a contaminant in the environment. BPA is an essential component of polycarbonate plastics and epoxy resins. Molecules that are not completely polymerized during the production process can leach from these plastics under normal conditions of use or are liberated from polymers exposed to heating or brushing or to specific pH ranges. BPA can thus be easily absorbed through the food chain (Vandenberg et al. 2012) , as clearly shown by its presence in the human body. Levels of BPA ranging from 0.3 to 40 nM have been detected in tissues and fluids during pregnancy (maternal and fetal serum, follicular and amniotic fluid, placenta; Ikezuki et al. 2002 , He et al. 2009 , Cao et al. 2012 . BPA mimics the action of estrogens and alters multiple endocrine-related pathways, thus resulting in negative effects on female reproduction both in animals and in humans. Regrettably, the underlying mechanism(s) by which BPA disturbs the multiple events of female reproduction has not been fully characterized (LeBlanc 2012) . In vitro and in vivo studies, as well as epidemiological evidence, associated BPA exposure to recurrent miscarriage, male infertility, altered gonadotropin hormone secretion, early pubertal onset, and altered ovarian granulosa steroidogenesis (Talsness et al. 2009 , Kwintkiewicz et al. 2010 , Liu et al. 2015 . What is more, BPA not only impairs the reproductive efficiency but also could be connected with the onset of reproductive pathologies, such as endometriosis, polycystic ovary, and endometrial hyperplasia (Newbold et al. 2007 , Cobellis et al. 2009 , Signorile et al. 2012 , Upson et al. 2014 .
In a recent report, we showed that BPA acts on the human trophoblast by increasing the secretion of human chorionic gonadotropin subunit beta (b-hCG) and the macrophage migration inhibitory factor (MIF) (Mannelli et al. 2014) . These effects on the human placenta were abolished/ diminished by previous absorption of BPA by endometrial stromal cells. Indeed, endometrial cells are able to retain BPA, thus reducing exposure of the placenta to this chemical (Mannelli et al. 2014) . Given the endocrine effects of BPA, its accumulation in endometrial cells could have important consequences for reproductive success.
The role of the decidua in human pregnancy
The decidua plays a key role in regulating trophoblast invasion and placental formation, by regulating the secretion of locally produced factors, under the control of corpus luteum steroids (Singh et al. 2011) . During the cycle, the endometrium undergoes dramatic cyclic changes regarding cell proliferation, secretory activity, regression, and regeneration. Hormonal stimuli lead the endometrium to form the decidua in the luteal phase at the end of each cycle. The proper development of the maternal decidua and the molecular cross-talk between the decidua and the fetal trophoblast are of paramount importance for blastocyst invasion into the endometrium, implantation, and successful pregnancy. The importance of the endometrial stroma in this cross-talk resides in the fact that steroid hormones target endometrial stromal cells, which in turn facilitate the interaction between the blastocyst and the uterine epithelium (Ghosh & Sengupta 1998 , Caballero-Campo et al. 2002 , Bourdiec et al. 2013 ).
The role of steroid hormones on endometrial maturation/decidualization
The main modulator of the proliferative phase of the cycle is 17b-estradiol (E 2 ), which causes endometrial growth and thickening. Progesterone (P 4 ) induces cell differentiation in the estrogen-primed endometrium during the secretory phase; it also prepares epithelial cells for blastocyst attachment and provokes decidualization in stromal cells (Hombach-Klonisch et al. 2005) . The concerted action of estrogens and P 4 is of paramount importance for endometrial receptivity to the embryo (Sharkey & Smith 2003) .
The role of the hCG hormone on endometrial receptivity
The b-hCG subunit is secreted by the trophoblast, starting from the earliest stages of gestation (Cole 2009 , Handschuh et al. 2009 , Tsampalas et al. 2010 , and acts on the endometrium through the hCG/luteinizing hormone receptor (LH-R), playing a key role in embryo implantation (Kasahara et al. 2012) .
The role of a pro-inflammatory environment on the deciduas
Among the many cytokines present in the endometrial milieu, MIF is a key component of the pro-inflammatory environment characterizing the beginning of pregnancy. This cytokine is indeed highly expressed at the site of implantation by both the trophoblast and decidua (Arcuri et al. 1999 (Arcuri et al. , 2001 ).
The potential deleterious effect of BPA on human decidua
The interplay between the endocrine and paracrine factors involved in uterine receptivity and embryo implantation could easily be disrupted by hormonemimicking compounds such as BPA, with a drastic negative impact on pregnancy.
In order to shed light on the potential of BPA in affecting endometrial maturation, receptivity, and functions, an in vitro model of endometrial decidualized stromal cells was exposed to BPA at selected non-toxic concentrations. Cells were then assayed for expression of hormone receptors, e.g., estrogen receptors (ERa and ERb), progesterone receptors (PRs), hCG/LH-R, biomarkers of decidualization, and cytokine secretion, e.g., insulin-like growth factor-binding protein (IGFBP1), decidual prolactin (dPRL), and MIF.
Materials and methods

Tissues
Biopsies, about 0.5 cm 3 each, of healthy human endometrium (total nZ6 hysterectomy specimens from different donors, all from the early proliferative phase of the cycle; see Table 1 ) were obtained from the Prefectural Hospital of Olsztyn (Poland) (nZ3 specimens) and the Hospital of Campostaggia (Siena, Italy) (nZ3 specimens), after written informed consent of the patients and with approval of the Local Ethics Committee (490/12/Bioet, for the Hospital of Olsztyn and VITRO-RIP 2013, for the Hospital of Campostaggia), in accordance with the Helsinki Declaration guidelines. Dating of the endometrial tissue was performed according to the date of the last menstrual period and to standard histological dating performed in the hospital (Noyes et al. 1950) . The characteristics of the patients and tissues are described in Table 1 .
Culture and decidualization of endometrial stromal cells
Endometrial stromal cells were isolated as described by Hombach-Klonisch et al. (2005) with some modifications (Mannelli et al. 2014) . The purity of the stromal cells from each specimen was confirmed by immunocytochemistry using vimentin staining and flow cytometry as previously described (Mannelli et al. 2014) . Isolated stromal cells were cultured and propagated in complete medium: phenol red-free DMEM-F12 (Lonza Bio Whittaker, Verviers, Belgium), supplemented with 10% fetal bovine serum (Sigma-Aldrich), and 1% antibiotic/antimycotic (Sigma-Aldrich) in six-well plates (Becton Dickinson Falcon, Franklin Lakes, NJ, USA) and incubated in a humidified atmosphere of 5% CO 2 in air at 37 8C. At passage 2, 1 ml of cell suspension (1!10 6 cells/ ml) was seeded in 75 cm 2 flasks (Becton Dickinson Falcon) and cultured in complete medium until 70-80% confluence. Cells were then decidualized and used for BPA treatments as described below.
In order to achieve decidualization, cells were cultured in complete medium without hormones for the first 3 days; then, in order to mimic the proliferative phase of the cycle, the medium was supplemented with E 2 (10 K8 M) (Sigma-Aldrich) for a further 3 days. Finally, the cells were exposed to E 2 CP 4 (10 K8 and 10 K6 M, respectively; Sigma-Aldrich) for up to 12 days to mimic the secretory phase (Schutte & Taylor 2012) . Decidualization was assessed by measuring the release of IGFBP1 and the mRNA transcription of dPRL.
Experimental procedures
Experiment 1: effect of BPA on decidualized human stromal cell viability and proliferation
In order to assess BPA cytotoxicity, decidualized human stromal cells (nZ5 specimens) were seeded into 96-well plates (TPP, Trasadingen, Switzerland) in complete medium. After 80-90% confluence was reached, cells were maintained in starvation medium (devoid of hormonal stimuli; phenol red-free DMEM-F12 supplemented with 0.1% BSA and 1% antibiotic/antimycotic) for a further 24 h. The medium was then removed and substituted with fresh starvation medium containing BPA (Sigma-Aldrich) at concentrations ranging from 1 pM to 1 mM (namely, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 1 mM from a stock solution in EtOH). Control cultures were carried out with medium alone or a medium-containing vehicle (0.1% EtOH final concentration) in order to assess if the vehicle influences cell viability. All of the treatments and control were run in triplicates. At 24 h, cells were assessed for cell viability using the AlamarBlue assay (Invitrogen).
After first screening on the cytotoxic effect of BPA, the effect of this chemical on the cell proliferative activity was assessed by BrdU assay. Decidualized human stromal cells (nZ3 specimens) were seeded into 96-well plates (TPP) in complete medium. After 80-90% confluence was reached, cells were maintained in starvation medium (devoid of hormonal stimuli; phenol red-free DMEM-F12 supplemented with 0.1% BSA and 1% antibiotic/antimycotic) for a further 24 h. The medium was then removed and substituted with fresh starvation medium containing BPA (Sigma-Aldrich) at concentrations ranging from 1 pM to 100 mM (namely, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 1 mM from a stock solution in EtOH). Control cultures were carried out with a medium-containing vehicle (0.1% EtOH final concentration). All of the treatments and control were run in five replicates. Twenty-two hours before the end of exposure to BPA (namely, 24 and 48 h), BrdU reagent was added and cell proliferation was assessed using the BrdU assay (QIA58, Calbiochem Millipore, Darmstadt, Germany), following the manufacturer's instructions.
Experiment 2: Effect of BPA on biomarkers of endometrial maturation/decidualization Decidualized human stromal cells (at least nZ4 from different donors) were seeded in 75 cm 2 flasks or in 24-well plates for protein or mRNA transcription analysis respectively. Cells were cultured in complete medium until an 80-90% confluence was reached, then cells were maintained in a starvation medium for 24 h. The medium was removed and substituted with a fresh starvation medium containing BPA at the non-toxic concentrations of 1 pM, 1 nM, or 1 mM or a vehicle alone (0.1% EtOH). At 24 h of incubation, the conditioned medium was collected, centrifuged at 13 000 g at 4 8C for 10 min and stored at K80 8C until protein determination (see below) by ELISA.
Cells were processed for mRNA transcription as follows: cells were harvested in TriReagent solution (Sigma-Aldrich), and total RNA and DNA were extracted. RNA was purified using the RNA Pep Plus Kit (A&A Biotechnology, Gdansk, Poland). Transcribed cDNA samples were stored at K80 8C until assayed by quantitative real-time PCR (qRT-PCR) for the selected markers (see below). For protein analysis, the cells were harvested in ice-cold RIPA lysis buffer (Tris-base 40 mM, NaCl 150 mM, EDTA 500 nM, Triton X-100 1%, sodium deoxycholate 0.5%, and SDS 0.1%) containing a protease inhibitor cocktail (Sigma-Aldrich) and then sonicated on ice. Protein lysates were centrifuged at 12 000 g for 15 min at 4 8C and stored at K80 8C until assayed for the selected markers (see below) by western blotting.
Decidualized human stromal cells (nZ4 specimens for IGFBP1 and dPRL analysis, nZ5 for ERa, ERb, and PRs) were seeded in 75 cm 2 flasks or in 24-well plates for protein or mRNA transcription analysis respectively. Cells were cultured as described above and samples of cell medium, protein lysated, and mRNA were collected as described above. The mRNA expression of dPRL, ERa and ERb, and PRs was assessed by qRT-PCR. The release of the IGFBP1 protein in the culture media was assessed by ELISA.
Experiment 3: effect of BPA on endometrial receptivity on hormonal actions (receptors' expression)
Decidualized human stromal cells (nZ5 specimens) were seeded in 75 cm 2 flasks or in 24-well plates for protein or mRNA transcription analysis respectively. Cells were cultured as described above, and samples of cell medium, protein lysated, and mRNA were collected as described above. The transcriptional level of ERa, ERb, PRs, and hCG/LH-R was assessed by qRT-PCR, while their protein expression was assessed by western blotting.
Experiment 4: effect of BPA on a biomarker of the endometrial pro-inflammatory environment Decidualized human stromal cells (nZ5 specimens) were seeded in 75 cm 2 flasks or in 24-well plates for protein or mRNA transcription analysis respectively. Cells were cultured as described above, and samples of cell medium, protein lysated, and mRNA were collected as described above. The transcriptional level of MIF was assessed by qRT-PCR, while its protein expression was assessed by western blotting.
AlamarBlue assay
The AlamarBlue assay (Invitrogen) indicates cell viability by using the reducing power of living cells to convert resazurin into a fluorescent molecule, resorufin. In order to assess the cytotoxicity of BPA, the conditioned medium from BPA-treated or control cultures was removed and AlamarBlue solution (diluted 1:10) was added to each well.
After 4 h incubation in a humidified atmosphere of 5% CO 2 in air at 37 8C, absorbance was measured with a Synergy H1 hybrid reader (Biotek, Winooski, VT, USA) at 570 nm.
BrdU assay
The BrdU cell proliferation assay is an immunoassay for the quantification of de novo synthesis of DNA by actively proliferating cells. In order to assess the proliferation of cells, the exposure medium from BPA-treated or control cultures was removed and BrdU solution (diluted 1:2000) was added to each well. After 22 h incubation in a humidified atmosphere of 5% CO 2 in air at 37 8C, the content of the wells was removed and cells were fixed with fixative solution and incubated at room temperature for 30 min. Anti-BrdU antibody (diluted 1:100 in antibody dilution buffer) was then added and incubated for 1 h at room temperature. After three washes with 1! washing buffer, peroxidase goat anti-mouse IgG HRP conjugate was added to the wells and incubated for 30 min at room temperature. After three washes with washing buffer and one wash with distilled water, the substrate solution was added to each well and incubated, repaired from light, for 15 min at room temperature, and the reaction was interrupted by adding the stop solution. Absorbance was measured with a Synergy H1 Hybrid Reader (Biotek) at 450-540 nm.
ELISA
IGF-binding protein 1
The amount of IGFBP1 was quantified in the conditioned medium from BPA-treated cultures by a specific ELISA (R&D Systems, Minneapolis, MN, USA) following the manufacturer's instructions. All of the samples were assayed in duplicate and a standard curve ranging from 12.5 to 2000 pg/ml was run in each experiment, using human recombinant IGFBP1 (R&D Systems). The data were normalized against the total DNA content, measured by NanoDrop (Thermo Scientific, Hudson, NH, USA). The IGFBP1 concentration was expressed as pg/mg of total DNA.
Migration inhibitory factor
The concentration of MIF in the conditioned medium of BPA-treated cultures was assayed by a colorimetric sandwich ELISA, as previously described by Ietta et al. (2007) . All samples were assayed in duplicate and a standard curve ranging from 25 to 2500 pg/ml was run in each experiment, using bacterially expressed recombinant human MIF (R&D Systems). The sensitivity limit of the assay was 18 pg/ml. Intra-and inter-assay coefficients of variation were 3.86 (0.95) and 9.14 (0.47)% respectively. The data were normalized against the total protein content from cell lysates, measured by the Bradford protein assay (Bio-Rad). The MIF concentration was expressed as pg/mg of total protein.
Western blot
Aliquots of 50 mg proteins from cell lysates were run on 10% polyacrylamide gel to separate ERa, ERb, PR, hCG/LH-R, and b-actin, in the presence of SDS and b-mercaptoethanol. After electrophoresis, the intact gels were then equilibrated in transfer buffer (20 mM Tris, 190 mM glycine, and 20% (v/v) methanol, pH 8.3) for 5 min at room temperature. Proteins were transferred to a PVDF membrane (Millipore Corporation, Billerica, MA, USA) for 1 h. The membrane was incubated overnight with 5% (wt/v) low-fat milk in a PBS buffer supplemented with 0.1% Tween 20 as a blocking solution, then the membrane was exposed to one of the following antibodies: mouse anti-human ERa (ab9269, dilution 1:100; Abcam, Cambridge, UK), mouse anti-human ERb (ab288, Abcam, dilution 1:100), mouse anti-human PR (recognizing both isoforms, PRA and PRB) (ab2764, Abcam, dilution 1:100), rabbit anti-human hCG/LH-R (H-50 sc25828, Santa Cruz Biotechnology, dilution 1:100). All of the membranes were then exposed to mouse anti-human b-actin (A3854, Sigma-Aldrich, dilution 1:3000) antibody. The PVDF membranes were washed three times with PBST (0.1% Tween 20 in PBS 10 mM) and exposed to a goat anti-mouse or goat anti-rabbit antibody, depending on the primary antibody used, and labeled with peroxidase (Bio-Rad). Then, the membranes were washed three times with PBST and visualized with a chemiluminescence kit (Luminata forte, Millipore Corporation), according to the manufacturer's instructions. The data were normalized against b-actin by using mouse anti-human b-actin antibody.
Quantitative RT-PCR
RNA concentration and quality of the extracted total RNA were determined spectrophotometrically (NanoDrop, Thermo Scientific) and by agarose gel electrophoresis. The ratio of absorbance, calculated by the ND-1000 v3.8.0 Software at 260 and 280 nm (OD, A 260/280 ), was w2. Then, 1 mg RNA was reverse transcribed into cDNA using a ThermoScript RT-PCR System (Qiagen), according to the manufacturer's instructions. The cDNA was stored at K20 8C until real-time PCR was performed. The primers for SYBR Green were designed and validated from the literature using gene features of the National Center for Biotechnology (NCBI) website, Primer3 and BEACON (Premier Biosoft, Palo Alto, CA, USA; Table 2 ). The PRB isoform primer was designed from a fragment in the coding region unique to PRB (Gargiulo-Monachelli et al. 2014), whereas, because the PRA region is included in the PRB sequence, the primer for PRA-PRB was selected from a common fragment, described in Schaefer et al. (2010) . The primer for GADPH was chosen from the report by Cao et al. (2005) . Primer sequences, expected PCR product lengths, and GenBank accession numbers are reported in Table 2 . The specificity of the chosen primers was checked using the nucleotide BLAST tool of the NCBI website. Fluorescence qRT-PCR was performed using the Applied Biosystems 7900 HT FastRealTime System (Applied Biosystems) with SYBR Green PCR Master Mix (Power SYBR Green PCR Master Mix, Applied Biosystems) following the manufacturer's instructions. The 384-well plates were used. Total reaction volume was 10 ml containing 3 ml reversetranscribed cDNA (1 ng/ml), 1 ml forward and reverse primers each (250 nM), and 5 ml SYBR Green PCR Master Mix. Amplification was preceded by an initial denaturation step (10 min at 95 8C). The PCR program for the gene was performed as follows: 40 cycles of denaturation (15 s at 95 8C), annealing (30 s at 56 8C), and elongation (60 s at 72 8C). After each PCR, melting curves were obtained by stepwise increases in temperature from 50 to 95 8C to ensure single product amplification.
In the case of ERb and hCG/LH-R, TaqMan probes for ERb and hCG-LH-R were selected and used as specified by the manufacturer (Applied Biosystems). Briefly, genomic DNA was eliminated by the addition of Master Mix 1 solution for 5 min, then the Master Mix 2 solution was added, and the RNA was reverse-transcribed into cDNA at 50 8C for 20 min (Applied Biosystems). An activation step of 5 min at annealing for 5 min at 95 8C was followed by denaturation at the same temperature for 15 s. The annealing/extension phase required a temperature of 60 8C for 30 s. A total of 45 cycles was performed. Data were elaborated by the Real-Time PCR Software SDS 2.4 (Bio-Rad). The specificity of PCR products was confirmed by electrophoresis on 2% agarose gel. To control sampling errors and normalize the data, PCR for the housekeeping gene GADPH was performed on each sample. The data were analyzed using the method described by Zhao & Fernald (2005) .
Statistical analysis
Data were analyzed on GraphPad Prism Version 5.0 (GraphPad Software, San Diego, CA, USA). The test for normal distribution was done in each experiment. Whenever the assumptions of normal distribution were not met, nonparametric analyses were done. All data are shown as percentage meanGS.E.M. All data were statistically analyzed by nonparametric one-way ANOVA Kruskal-Wallis followed by Dunn's test. Differences were considered significant if P!0.05.
Results
The vehicle had no effect on cell viability compared to cultures with medium only (Fig. 1) . Concerning the exposure to BPA, the chemical did not significantly alter cell viability at any of the concentrations tested (Fig. 1) . Furthermore, cell proliferation was monitored for 24 and 48 h, and no significant changes were observed at the doses of BPA selected, except for the concentration of 100 nM, that proved to have a proliferative effect after 48 h (Fig. 2) .
After this first screening on the effect of a wide range of BPA concentrations, for the following experiments three non-toxic concentrations of BPA, namely 1 pM, 1 nM, and 1 mM, were selected and the control group was exposed to the vehicle alone (0.1% EtOH).
Experiment 2: effect of BPA on biomarkers of endometrial maturation/decidualization
Treatment with 1 mM BPA significantly decreased the mRNA transcription of dPRL (P!0.01; Fig. 3) . No significant effects were detected in the secretion of IGFBP1 upon exposure to BPA (Fig. 3) . The basal IGFBP1 secretion was 23.1G4.4 pg/mg total DNA in control cultures, whereas it reached 37.9G11.84 pg/mg total DNA in BPA treatments.
Experiment 3: effect of BPA on endometrial receptivity on hormonal actions (receptors' expression)
An increase in the mRNA transcription of ERa was observed in all of the BPA concentrations tested, although 1 mM and 1 nM BPA were the most effective (P!0.01 for 1 mM and 1 nM BPA vs control (Fig. 4) ; P!0.05 for 1 pM BPA vs control) (Fig. 4 ). After treatment with 1 nM BPA, ERb protein expression and mRNA transcription were up-regulated (Fig. 4 , E and F; P!0.05).
The PR protein expression was up-regulated by treatment with 1 mM BPA (P!0.05; Fig. 5A and B) . PRA and PRB mRNA transcription was up-regulated upon treatment with 1 mM BPA (P!0.01; Fig. 5C ). A not significant trend was observed at the transcription level for the isoform B of PR (Fig. 5D ). Protein expression of hCG/LH-R was decreased by BPA at the level of 1 pM compared to the control group (P!0.05; Fig. 6A and B) . No significant changes were observed at the transcriptional level for this receptor (Fig. 6C ).
Experiment 4: effect of BPA on a biomarker of the endometrial pro-inflammatory environment
The basal secretion of MIF in the control medium was 0.21G0.014 pg/mg of total protein, whereas it reached an average value of 0.59G0.53 pg/mg of total protein in the treatments with BPA. The secretion of MIF was enhanced by all treatments; the lowest concentration (1 pM) was the most effective and higher vs the other two BPA treatments (1 nM and 1 mM) (P!0.001 for all treatments vs control and P!0.001 for 1 pM BPA vs 1 mM and 1 nM BPA) (Fig. 7A) . On the other hand, the mRNA transcription of MIF was not significantly different in the different concentrations of BPA (Fig. 7B) .
Discussion
The goal of this work was to define potential adverse effects of BPA on the functions of human decidua by challenging the cells to BPA for a short-term exposure. For this purpose, an in vitro model of decidual stromal cells was used, as these cells contribute greatly to the formation of the decidua, thus playing a major role in embryonic implantation and pregnancy. At first, decidual stromal cells were exposed to a wide range of BPA concentrations in order to examine the potential toxicity of this chemical. Because none of the concentrations tested diminished cell viability by 50%, it was not possible to detect the LC 50 , which represents the concentration that causes a half-maximal decrease in cell viability. Similarly, findings reported by Schaefer et al. (2010) did not show any significant decrease in cell viability in an endometrial adenocarcinoma cell line, Ishikawa cells, after exposure to BPA up to 1 mM. Concerning the effect of BPA on the proliferative activity of endometrial cells, none of the concentrations used (from 1 pM to 1 mM) decreased the de novo synthesis of DNA, whereas a significant proliferative effect could be noticed in cells treated with 10 nM BPA after 48 h of exposure. This result could be due to the estrogen-like activity of BPA and to a dose-dependent effect (Baker & Chandsawangbhuwana 2012 ). Effect of BPA on secretion of biomarkers of endometrial maturation/decidualization
Based on the findings from experiment 1, we selected three non-toxic concentrations (1 pM, 1 nM, and 1 mM) to examine the effects of BPA on key biomarkers of decidualization. The concentrations selected, particularly 1 nM and 1 pM, were also 'environmentally relevant' because they can be easily found in the environment and in human tissues (Benijts et al. 2004) .
As far as pregnancy is concerned, levels detected in the maternal and fetal fluids are in the nM range or less (Ikezuki et al. 2002 , Schö nfelder et al. 2002 . In particular, 1 pM BPA was selected to represent a very low concentration, even lower than the BPA concentration detected in the human body; 1 nM BPA is a concentration that stays within the physiological range of concentrations that has been detected in the human population, and finally 1 mM BPA is the highest used in the functional study (experiments 2-4) and represents chronic, high exposure/accumulation of BPA in human tissues. None of the concentrations tested were toxic on the decidualized stromal cells as shown by the cytotoxicity assay. To the best of our knowledge, such low concentrations of BPA had never previously been tested on human decidual cells. BPA has been reported to alter endometrial decidualization in vitro and in murine models (Varayoud et al. 2008 , Aghajanova & Giudice 2011 . By assaying specific markers, we demonstrated that the highest concentration of BPA (1 mM) significantly decreased the mRNA transcription of PRL, while, although showing a decrease at higher concentrations, the effect on IGFBP1 was not statistically significant. These data are once again at odds with those of Aghajanova & Giudice (2011) , who found altered levels of IGFBP1 but not of PRL. As discussed above, the incongruity between our results and those of Aghajanova & Giudice (2011) can be explained by the different BPA concentrations and exposure times used (Bredhult et al. 2007 , Naciff et al. 2010 .
The choice of short-term exposure (24 h) in the present study was guided by the report by Naciff et al. (2010) who demonstrated that within this exposure time BPA is already able to alter the gene expression profile of Ishikawa cells. Taken together, the pieces of evidence that show an effect of 0.001 for all treatments vs control BPA on endometrial cell decidualization do raise concern, because altered transformation of the endometrium might contribute to reduced success of implantation (Singh et al. 2011) . Furthermore, many reports show that low levels of PRL are frequently found in cases of recurrent pregnancy loss or spontaneous early miscarriage (Salker et al. 2010 , Garzia et al. 2013 .
Effect of BPA on endometrial receptivity on hormonal actions (receptors' expression)
As for the effects of BPA on ERs, evidence of BPA estrogenic action is reported with MCF7 cells (a breast cancer cell line) and in in vivo experiments in rats (Miyakoshi et al. 2009 , Berger et al. 2010 . Accordingly, our results showed that ERa, the isoform involved in BPAmediated effects (Bouskine et al. 2009 , Jeng & Watson 2011 , was enhanced by all concentrations tested. While ERa was significantly up-regulated by BPA only at the mRNA level, ERb protein was up-regulated by an environmentally relevant concentration of BPA (1 nM).
Concerning the PRs, we detected a band at w99 kDa, which is in line with the molecular weight of isoform A of the PR (predicted molecular weight: 94 kDa). Even though the antibody used should detect both isoforms of PR, no upper bands were detected (PRB has a predicted molecular weight of 120 kDa). As demonstrated by Yin et al. (2010) , PRB is much less expressed in uterine cells than PRA, and this could be the reason we were unable to detect the protein level of PR isoform B. Our findings demonstrated that 1 mM BPA up-regulated both the protein and transcription levels of PRs (the primer was designed to detect both isoforms), and this effect seemed to be led by an up-regulation of PRA, because the mRNA levels paralleled the protein levels of PRA. On the other hand, the mRNA levels of the PRB isoform remained below the controls. Interestingly, in many cell types PRA acts as an inhibitor of the gene transcription activated by PRB (Tung et al. 1993) . Nevertheless, the consequences of the BPA-driven increase of PRA expression requires further investigation.
Altogether, these data show that BPA is able to modulate steroid receptors, and this could easily lead to altered proliferation and transformation of stromal cells in the endometrium (Schaefer et al. 2010 , Singh et al. 2011 . During the window of receptivity, steroid hormones facilitate the interaction between the blastocyst and the uterine epithelium via the endometrial stroma (Ghosh & Sengupta 1998 , Caballero-Campo et al. 2002 , Bourdiec et al. 2013 . Therefore, an altered pattern of expression of their receptors in the decidua could well have a negative impact on female fertility, especially on the success of implantation.
The expression of the hCG/LH-R varies during the cycle, reaching a peak during the secretory phase (Reshef et al. 1990 , Kasahara et al. 2012 . The cycledependent expression of the hCG/LH-R suggests that it is modulated by steroid hormones. Whereas estrogens contribute to the stimulation of this receptor in the rat ovary (Ikeda et al. 2008) , we demonstrated that BPA negatively modulates the expression of the hCG/LH-R at 1 pM. Furthermore, our recent report (Mannelli et al. 2014) showed that BPA alters b-hCG secretion by the human placenta. Altogether, these two findings show that BPA could disrupt the signaling of a key hormone of the feto-maternal cross-talk.
Effect of BPA on a biomarker of the endometrial pro-inflammatory environment Concerning the marker of the pro-inflammatory environment tested, MIF secretion by endometrial cells was significantly enhanced by BPA at all concentrations tested, the lowest (1 pM) concentration being the most effective. In previous studies on human placenta, Ietta et al. (2010) demonstrated that low doses of E 2 stimulated MIF secretion, whereas higher doses downregulated it. Because BPA has weak estrogenic activity (Kuiper et al. 1998 , Rubin 2011 , its stimulatory effect in MIF secretion observed here could be similar to that exerted by low doses of E 2 . The macrophage MIF is a major component of the inflammatory uterine milieu at the site of implantation. Its decrease in maternal serum in early pregnancy has been associated with first trimester miscarriages (Yamada et al. 2003) . However, while the Bisphenol A alters human decidua secretion of MIF is beneficial to the establishment of pregnancy, an exaggerated response could result in an unfavorable pregnancy outcome. Higher MIF levels have in fact been detected in severe pregnancy disorders such as pre-eclampsia and pre-term labor (Todros et al. 2005 , Cardaropoli et al. 2012 , Rolfo et al. 2013 . In line with the present data in decidual cells, we recently demonstrated that BPA stimulates MIF secretion by human trophoblast (Mannelli et al. 2014) . Consequently, increased levels of MIF at the site of implantation may occur in a mother exposed to BPA and therefore might be harmful to pregnancy and fetal health. Altogether, these data show that very low BPA concentrations, which can be easily detected in the population, are able to influence the maternal-trophoblast environment. Indeed, BPA had an adverse affect on the expression of decidual markers and hormone receptors in endometrial decidualized stromal cells. The effects observed could have a negative effect on pregnancy establishment and development.
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